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ABSTRACT
The  Regional  Atmospheric  Modeling  System  (RAMS)  has  been  used  in  order  to
perform a high-resolution numerical simulation of two meteorological events related to
the  most  common  atmospheric  environments  during  the  summer  over  the  Western
Mediterranean coast:  mesoscale circulations and western synoptic advections.  In this
regard, we take advantage of the operational RAMS configuration running within the
real-time forecasting system environment already implemented over this Mediterranean
area, precisely in the Valencia Region and nearby areas. The attention of this paper is
especially focused on identifying the main features of both events and the ability of the
model  in  resolving  the  associated  characteristics  as  well  as  in  performing  a
comprehensive  evaluation  of  the  model  by  means  of  diverse  meteorological
observations available within the selected periods over the area of study. Additionally,
as this paper is centred in RAMS-based forecasts, two simulations are operated applying
the most two recent versions of the RAMS model implemented in the above mentioned
system: RAMS 4.4 and RAMS 6.0. Therefore, a comparison among both versions of the
model has been performed as well.  Finally, it  is our intention to contrast the RAMS
forecasts for two completely different atmospheric conditions common with the area of
study in the summer. A main difference between the simulation of both meteorological
situations has been found in the humidity. In this sense, while the model underestimates
this  magnitude considering the mesoscale  event,  especially at  night time, the model
reproduces the daily humidity properly under the western synoptic advection.
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1. Introduction
The  Regional  Atmospheric  Modeling  System  (RAMS)  (Cotton  et  al.,  2003;
Pielke,  2013)  has been running operationally over the Western Mediterranean Basin
(Gómez et al., 2010), covering a large extension of eastern Spain, including the whole
Valencia Region and surrounding areas, such as the Murcia Region, and its adjacent sea,
at a 3 x 3 km grid horizontal resolution (Gómez et al., 2014a; Gómez et al., 2014b).
The most common meteorological framework during the summer  months  over
the Western Mediterranean coast is that corresponding to mesoscale circulations associ-
ated with sea-land breezes  (Azorin-Molina  et  al.,  2008;  Azorin-Molina et  al.,  2009;
Miró et al., 2009; Azorin-Molina et al., 2011), which assumes more than 80% of the
situations over eastern Spain (Miró et al., 2009). However, those atmospheric conditions
connected to western synoptic advections are also recognized in this region as they are
related to high and extreme temperature situations, specially inland but reaching the
coast as well (Miró et al., 2006;  Estrela et al., 2007; Estrela et al., 2008). Within the
summertime, conditions related to western to north-western synoptic advections sup-
pose more than 15% of the total atmospheric situations over eastern Spain (Miró et al.,
2009). 
Due to the significance of mesoscale circulations over this region in the summer
(Miró et al., 2009) and its impact on other environmental issues, such as air pollution,
and related human activities (Miao et al., 2003), results stimulating to investigate the
forecast of these sort of events using operational configurations of modelling tools. In
this  regard,  mesoscale atmospheric models are remarkably valuable.  In addition,  the
analysis of intense-heat situations, mainly related within the area of study to western
synoptic situations (Miró et al., 2006; Estrela et al., 2007; Estrela et al., 2008), is also
interesting as they could affect areas as diverse as public health, energy consumption,
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fauna, flora and natural biodiversity, as well as simple climatic comfort (Estrela et al.,
2008). 
The main aim of this study is to evaluate and characterize both sort of events and
its development over eastern Spain. In this sense, the RAMS configuration used in the
real-time operational forecasting system implemented in this area is applied.  To deal
with this issue, some days were selected during the 2011 summer season operational
runs. On one hand, the 25 to 27 June 2011 was chosen as  a characteristic sea breeze
circulation, which represents a typical summer weather pattern, having weak synoptic
forcing and favouring the development of mesoscale processes (Millán et  al.,  1997;
Millán et al., 2000; Palau et al., 2005; Pérez-Landa et al., 2007). On the other hand, the
period 25 to 27 August 2011 was selected as a characteristic western synoptic advection
(Miró et al., 2006; Estrela et al., 2007; Estrela et. al., 2008). Although the summer 2011
was not specially hot, some periods of high temperatures were recorded. One of them is
the one included here, when values of maximum temperatures above 35 ºC were easily
reached during the 25 and 26 August throughout the region of study, exceeding 38 ºC in
some areas.
In order to study the main features of the sea breeze, such as its intensity, inland
penetration and onset, we have taken advantage of both the RAMS 4.4 (RAMS44) and
the RAMS 6.0 (RAMS60) configurations running simultaneously within this operation-
al forecasting system. Moreover, a comparison between both RAMS forecasts has been
performed as well for the western synoptic advection in order to provide a comprehens-
ive depiction of this episode. This issue will permit to determine and compare the ability
of the RAMS model in the prediction of these episodes over the study area. Addition-
ally, the contrast between both RAMS versions will provide an evaluation of the im-
provements and advantages implemented within the most recent RAMS version when
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compared to the previous one, originally implemented within this real-time forecasting
system.
The paper is structured as follows. Section 2 contains the model configuration
and the observational datasets used. In section 3, we introduce the synoptic framework
for the selected periods and the model results. Finally, section 4 is devoted to the con-
clusions of this work.
2. Site description, model set-up and datasets
2.1. Study area
The area of study is bordered by the Mediterranean Sea in its eastern part and
surrounded by three main mountain ranges near the coast (Fig. 1). The high terrain in
the south and south-west is formed by the Betica Mountains. Their easterly extension,
that is, the Pre-Betica range, reaches directly into the sea with cliffs and ridges of more
than 700 m. The highest peak inland exceeds 1,500 m. To the north and north-west are
the Iberian Mountains with a high ridge and extensive mesas over 2,000 m. Inland of
the Valencian Gulf, the mountains are lower, with the highest points reaching 1,100 m,
and providing a direct and almost ridgeless rise from the coast to the lower plateau
(Millán et al., 2005).
2.2. RAMS model
The atmospheric model used in this study is the RAMS model (Cotton et al.,
2003; Pielke,  2013),  in  its  versions  4.4  (RAMS44)  and  6.0  (RAMS60).  A three
modelling domains configuration is adopted following a two-way interactive nesting
domain (Fig. 1). The mother domain (D1) covers the southern part of Europe at a 48-km
horizontal  grid  resolution  and  the  Mediterranean.  The  purpose  of  the  domain  is  to
simulate the synoptic features that influence the region of study. The first nested domain
(D2) covers the Iberian Peninsula and the western Mediterranean with a grid resolution
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of 12 km. Finally, a finer domain (3 km) (D3) includes the Valencia Region at a high
horizontal resolution. In the vertical, a 24-level stretched scheme has been selected, with
a 50-m spacing near the surface increasing gradually up to 1,000 m near the model top
at 11,000 m and with 9 levels in the lower 1,000 m. A summary of the horizontal and
vertical  grid parameters is  provided in  Table 1.  This  configuration for the real-time
operational forecasting system was selected as the best compromise for resolving the
mesoscale circulations in the Valencia Region within a time frame regarded as useful for
the model forecast within the computational resources available.
The configuration employed in the present study incorporates the Mellor and
Yamada  (1982)  level  2.5  turbulence  parameterization.  Besides,  a  full-column  two-
stream single-band radiation scheme that accounts for clouds to calculate short-wave
and  long-wave  radiation  (Chen  and  Cotton,  1983),  and  the  cloud  and  precipitation
microphysics scheme from Walko et  al.  (1995),  apply in all  the domains.  The Kuo-
modified parameterization of sub-grid scale convection processes is used in the coarse
domain (Molinari et al., 1985), whereas grids 2 and 3 utilize explicit convection only.
Finally, the LEAF-2 soil-vegetation surface scheme (Walko et al., 2000) is used within
the RAMS44 environment while LEAF-3 is used for RAMS60. This parameterization
permits  to  calculate  sensible  and latent  heat  fluxes  exchanged with the atmosphere,
using prognostic equations for soil moisture and temperature.
For each of the selected periods, two separate simulations were performed, one
accomplished  using  the  RAMS44  configuration  and  the  other  one  employing  the
RAMS60 set-up.  For the initialization and nudging of the boundaries, the operational
global  model  of  the  National  Centre  for  Environmental  Prediction  (NCEP)  Global
Forecasting System (GFS), at 6 h intervals and 1 x 1 degree resolution globally was
used. In addition, a Four-Dimensional Data Assimilation (FDDA) technique was applied
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to define the forcing at the lateral boundaries of the outermost five grid cells of the
largest domain. Each simulation was performed for 84 h, with a temporal resolution of 1
h,  starting at 12 UTC 24 June 2011  for the mesoscale framework and  at 12 UTC 24
August 2011 for the western synoptic advection. The first 12 h are treated as a spin-up
period  to  avoid  possibles  problems  related  to  this  initialization.  Consequently,  the
analysis will be performed using the remaining 72-h.
2.3. Observational datasets
The results obtained from the different RAMS simulations are compared to the
observations considering the finer domain (D3). On the one hand, 4 automatic surface
weather stations from the CEAM (Mediterranean Center  for Environmental  Studies)
Foundation network (Corell-Custardoy et  al.,  2010)  and representative of  the model
results in the area of study are considered in the analysis. This 4 meteorological stations
are divided in 3 corresponding to inland locations and the other 1 related to a coastal site
(Fig. 1). On the other hand, the Murcia synoptic METAR station data (MUR; Fig. 1) is
included for verification of the model output as well. In addition, as MUR is also a
regular radiosonde station, the corresponding sounding at this site is also ready for use.
Hourly measures of near-surface temperature, relative humidity, wind speed and
direction  from the  CEAM and  METAR stations  are  used  in  the  validation  process.
Additionally, the surface incident shortwave radiation flux from the CEAM network is
used  as  well.  Likewise,  vertical  profiles  for  temperature  and  relative  humidity
corresponding  to  the  00Z  and  12Z MUR soundings  are  included  in  the  evaluation
procedure.
3. Results and discussion
3.1. Synoptic analysis
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To describe the  synoptic configuration under the two atmospheric frameworks,
the NCEP FNL (Final) Operational Global Analysis at 12Z have been used (Fig. 2). The
FNLs are made with the same model which NCEP uses in the Global Forecast System
(GFS), but the FNLs are prepared about an hour or so after the GFS is initialized. The
FNLs are delayed so that more observational data can be used (NCEP, 2013). On the
one hand, the Iberian Thermal Low (ITL; Millán et al., 1997; Millán et al., 2000; Palau
et al., 2005) is developed on the 25 June 2011 (Fig. 2a). The next day (Fig. 2b), this low
pressure influences the west part of the Iberian Peninsula and remains moving to the
east the 27 June. On the other hand, a high pressure centre affects the north of Spain the
25 June, that is displaced to the centre of Europe for the following days. The 26 and the
27 June, this high pressure affects mainly the centre and east part of Spain extending to
the Mediterranean and Europe. In contrast, the west of the Iberian Peninsula is under the
influence of relative low pressures associated with the low pressure over the British
Islands. At  500 hPa, it is shown that fair weather conditions are established over the
Iberian Peninsula, influenced by high pressures and the -10ºC isotherm positioned over
this area. Under this atmospheric framework, mesoscale circulations are expected over
eastern Spain.
Fig. 3 contains the sea level pressure and the surface wind field simulated by
RAMS44 and RAMS60 for the 26 June 2011 in the domain D2. Before down, at 06
UTC, a relative high pressure dominates over the Iberian Peninsula (Fig. 3a,b), with
slight lower values simulated by RAMS44. In terms of the simulated wind flow, a rather
similar pattern is found when comparing both versions of RAMS. In addition, over the
east coast of Spain, variable weak winds are well-established. At noon (Fig. 3c,d), the
ITL is settled over the centre of the Iberian Peninsula, coinciding to the warm conditions
at  that  time.  Under these conditions,  a  sea breeze circulation develops  covering the
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whole east coast of Spain. This surface pattern is recognized by both versions of the
model. However, it seems that a rather slight higher pressure is once again simulated by
RAMS60. This result  could be related to the differences in intensity found in some
areas, where RAMS44 is more windy than RAMS60 (see also section 3.3).
According to this results, it is clear that at 12 km resolution (D2), we are able to
see the differences in the wind field pattern between day and night time. In addition,
Fig.  3  permits  identify  to  what  extent  the  local  pressure  organization  produces
mesoscale circulations along the east coast of Spain. In this regard, it is seen that surface
drainage  winds  are  oriented  from  land  to  sea  at  night  time.  In  contrast,  thermal
circulations develop during the day, and a distinct flow pattern regime is stabilized,
advecting air from sea to land.
Regarding the western synoptic advection, on the 25 August, there is an upper
level low pressure located west of Ireland, while a low pressure dominates in the surface
over  the  Iberian  Peninsula  (Fig.  2c).  This  atmospheric  framework  favours  the
development of a western wind flow over the east coast of the Iberian Peninsula. On the
26 August, the upper level low pressure is slightly displaced to the east, passing across
the British Islands and affecting the north-west of the Iberian Peninsula (Fig. 2d). In
addition, a secondary relative low pressure centre is located over the Balearic Islands,
affecting the east coast of Spain. Simultaneously, the pressure organization at low levels
favours  the  development  of  strong winds  from the  west  to  north-west  crossing  the
Iberian Peninsula and reaching the Mediterranean (not  shown).  Besides,  a warm air
ridge  from the  Sahara  extends  over  the  Mediterranean,  affecting  the  western  basin
sideways.  Under  such  synoptic  conditions,  a  well-developed  western  advection  is
formed over the Iberian Peninsula.
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For the 26 August 2011 at 06 UTC, a slight pressure gradient over the Iberian
Peninsula  is  simulated  by  RAMS  in  the  domain  D2,  with  lower  values  over  the
Mediterranean, favouring a western wind flow over the east coast of Spain (Fig. 3e,f).
Although some differences are reproduced when comparing RAMS44 with RAMS60,
the  same  basic  structure  is  simulated  by  both  versions  of  the  model  (Fig.  3e,f).
However, more differences are produced at day time. In this regard, at 12 UTC (Fig.
3g,h),  a  lower  pressure  is  simulated  by  RAMS44.  Nevertheless,  the  atmospheric
framework is  similar  using  RAMS44 and RAMS60,  characterized  by  a  descending
surface  pressure gradient  from the  west  of  the  Iberian  Peninsula to  the  east,  which
boosts a visible synoptic western advection over this area.
3.2. Comparison between model and measurements
To  evaluate  the  model  skill,  several  statistical  indexes  has  been  computed
(Tables 2 and 3). The statistical calculations carried out in both cases include the mean
bias, root mean square error (RMSE) and index of agreement (IoA) for temperature,
relative humidity and wind speed. Besides, the observed averaged value and modelled
averaged value are computed, for these variables, the wind direction and the incident
surface flux of shortwave radiation, for graphical depiction purposes. In addition, for the
wind direction variable, we have computed the root mean square error for the vector
wind direction (RMSE-VWD).
As we are evaluating RAMS forecasts, we include additional variables at this
point  in  order  to  investigate  whether  other  RAMS-computed  variables  improve  the
model skill in terms of surface variables, such as the 2-m temperature and the 10-m
wind speed. In this regard, both variables calculated by the model are directly compared
to the observations as well. Considering the model's ability to reproduce the western
synoptic advection, although the whole simulation is presented, the main discussion is
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focused  on  the  western  advection  recorded  the  26  August.  Consequently,  while
computing the different statistical scores, only the available data within the 24-h on 26
August are considered (Table 3).
 Fig. 4 includes the near-surface wind speed and direction, and the 10-m wind
speed during the mesoscale circulation period and the western synoptic conditions. The
diurnal evolution of the simulated wind direction clearly demonstrates that not only is
RAMS properly  capturing  the  onset  and the  closure  of  the  sea  breeze  but  also  the
development of the corresponding mechanism. This result is reproduced in all weather
stations. Additionally, although at night time the observed wind speed values are very
low,  we  must  highlight  that  the  model  is  still  able  to  simulate  the  observed  wind
direction suitably, with north-west to north directions.  The western synoptic advection
basically dominates the 26 August in the whole region (Fig. 4b,d,f), with the exception
of the northern coastal area of the Valencia Region, where the sea breeze is still able to
develop (Fig.  4h).  At BEN station,  we can see a difference between the 25 and 26
August. In the first case, a mesoscale sea-land breeze is well-established. In the second
case, the onset of the wind sea breeze is delayed in comparison to the 25 August due to
the intensity of the western flow over the region. However, the sea breeze breaks this
flow in the end, and dominates the atmospheric situation during the day. In both cases,
RAMS is able to reproduce the mentioned wind flow changes accurately. Likewise, in
those stations where the dominant wind field is the corresponding western advection,
RAMS  properly  captures  the  wind  pattern  observed  using  the  two  versions  of  the
model. Under both atmospheric conditions, the model shows more differences in a more
complex terrain (Fig. 4a,b). These divergences may be related to the model not being
able to reproduce suitably the physical characteristics of the area where the station is
located.  As  a  result,  the  differences  in  orography  between  the  model  and  the  real
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location can influence the channelling of the wind field in the area. Nevertheless, the
RMSE-VWD presents values between 2-3 m/s under the mesoscale circulation period,
lower for the RAMS60 simulation when compared to the RAMS44 results.
Regarding  the  near-surface  wind  speed,  the  model  displays  a  trend  to
overestimate the observations during the day time and using both versions of RAMS
during the mesoscale period (Fig. 4). In general, RAMS60 produces lower values than
RAMS44, remaining closer to the observations. During the night, the model reproduced
better the recorded wind speed compared to the results found for the day time (Fig. 4).
However,  RAMS reproduces  really  well  the observations  during the  day during the
western  synoptic  advection  (Fig.  4).  In  both cases,  the  different  statistics  computed
show that the accuracy of the model rises when using the 10-m wind speed compared to
the near-surface wind speed computed at 10 m (Tables 2 and 3). In general, the RMSE
for the near-surface wind direction is in between 1 and 2 m/s and the IoA reflects that
RAMS captures the day-to-day evolution of this magnitude properly.
The daily evolution of near-surface wind speed and direction and the 10-m wind
speed at  MUR METAR station  is  included in Fig.  6a for  the mesoscale  circulation
period and in  Fig.  6e for  the western synoptic  advection.  In both case,  we observe
similar  results  to  those  found  for  the  CEAM  surface  stations  (Fig.  4).  However,
although the observations show a western flow on 26 August, the model reproduces a
southern flow for some hours, coinciding with an overestimation of the simulated wind
speed.
The observed and simulated daily evolution for the near-surface temperature, 2-
m  temperature  and  near-surface  relative  humidity  is  introduced  in  Fig.  5  for  the
mesoscale  circulation  period  and  the  western  synoptic  advection.  Regarding
temperature, RAMS is able to capture the diurnal variation amplitude, as indicated by
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the  high  values  of  the IoA,  above 0.8 in  general  (Tables  2 and 3),  and using both
RAMS44 and RAMS60. Comparing the different versions of the model as well as the
near-surface temperature and the 2-m temperature, it seems that the last one shows a
general trend towards overestimating the observed maximum temperatures while the
near-surface  temperature  reproduces  this  magnitude  properly  during  the  western
synoptic advection. Additionally, in terms of minimum temperatures, and as a difference
with  the  simulation  of  mesoscale  circulations,  under  the  western  synoptic  forcing,
RAMS is able to capture the daily minimum with a greater degree of accuracy.
The diurnal variation of the relative humidity clearly shows the development of
the  sea  breeze  (Fig.  5).  In  all  stations,  this  parameter  computed  at  daytime is  well
captured by the model, specially taking into account the RAMS60 simulation. However,
at  night,  there  is  a  deficit  of  the  modelled  relative  humidity  compared  to  the  one
measured. This point seems to be a pattern reproduced for the whole region, specially
over  inland areas,  as  may be  seen  in  Fig.  5a.  In  contrast,  considering  pure  coastal
stations  (Fig.  5g),  this  issue  is  not  so clear,  and the  difference  is  not  that  high.  In
addition, in pre-coastal stations, the model's ability to predict the relative humidity field
is in between that found for the coast and inland (not shown). Regarding the whole
simulation,  a clear negative bias is  found for all  stations using both versions of the
model  (Table  2).  However,  RAMS60  produces  lower  values  of  this  statistic  when
compared to the RAMS44 version. In this sense, the model presents some difficulties in
forecasting  this  field,  as  a  systematic  error  is  found,  with  a  clear  tendency  to
underestimate the observations. In addition, the IoA shows these difficulties as well, as
values between 0.5 and 0.7 are reproduces by the model using both versions. If we
compare the relative humidity observed on the 25 August and that observed on the 26
August,  we may see significant  differences,  specially  at  night  time.  Although under
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mesoscale conditions an elevated humidity is observed within this period of the day, the
relative humidity observed under a western synoptic advection is significantly low. In
terms of relative humidity (Table 3), even though the Bias still shows negative values as
in it is observed under sea breeze conditions, lower values are found for this statistical
score.  In addition,  Fig.  5 shows that  the model is  closer  to  the observations  the 26
August. Furthermore,  an overestimation of the RAMS-simulated relative humidity is
observed in some locations, as indicated by positive values in the Bias score. We must
remark at this point that RAMS is able to capture rather well the diurnal evolution of
this magnitude, as shown in values for the IoA higher than 0.8. Consequently, under this
western advection, the model in general follows the observed daily evolution properly.
During this period and regarding VIS station, it was mentioned before that RAMS does
not capture the wind direction observed properly. However, both the temperature and
the relative humidity tend to follow the results found for the other weather stations (Fig.
5a). This finding seems to indicate that the model is strongly influenced by the western
synoptic  advection.  The  simulated  interface  produced  by  the  meeting  of  the  two
mentioned  regimes  could  be  the  responsible  for  the  accuracy  found  in  terms  of
temperature and the relative humidity, even though the wind pattern is displaced to the
east. Besides, the complex orography of the VIS site in addition to the heterogeneity of
the wind field over this area could also be related to the divergences between the model
and the measurements for this magnitude. Finally, Fig. 6b,f shows the correspondence
with the CEAM data (Fig. 5).
Considering the surface incident shortwave radiation flux (Fig. 7), it is notably
well reproduced by the model in all weather stations, as indicated by the values of IoA,
equal to 1 using both versions of the model (Tables  2 and 3).  However,  during the
western synoptic advection, more differences appear between the observations and the
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RAMS results  in  some stations.  In  this  case,  the  observations  seem to indicate  the
presence  of  cloudiness  that  is  not  reproduced  by  the  model  (Fig.  7f,h).  Under  the
mesoscale circulation, the bias presents positive values in general below 30 W/m2, while
RMSE presents values between 60-70 W/m2 (Table 2).  In this case, RAMS reproduces
really well  the daily heating (Fig.  7). In contrast,  the simulated values for the daily
cooling show an overestimation in relation to the observations. In this sense, it seems
that the modelled cooling rate is  lower that  the one recorded,  which could have its
implication in the temperature and relative humidity differences described above.
Considering Fig. 6, we evaluate the vertical profiles at MUR site as illustrative
of the vertical structure of the sea breeze period and the western synoptic advection. In
the first case, both at 00 and 12 UTC, a stratification is observed for temperature (Fig.
6c) and relative humidity (Fig. 6d). The Atmospheric Boundary Layer (ABL) height
distribution  shows a boundary  layer  structure  well  defined with  a  mixing height  of
approximately 1,000 m. At 00 UTC, the vertical profile displays an inversion layer at
this point and an abrupt change in the relative humidity. This inversion is also observed
at 12 UTC, when the sea breeze circulation is establish, but it is weaker than the one
reproduced at 00 UTC.  Fig. 6d shows that beneath the mixing height, both RAMS44
and  RAMS60 underestimate  the  observations  at  00  and  12  UTC.  However,  higher
differences are observed at night time. In both cases, RAMS60 is higher than RAMS44,
being closer to the observations at 12Z, while still substantially apart from them at 00Z.
Besides,  although RAMS is not able to capture this  inversion layer properly,  it  still
shows  a  change  in  the  vertical  profiles  at  the  height  of  about  1,000  m,  where  the
inversion  layer  is  observed.  In  addition,  RAMS60  properly  simulates  the  vertical
structure  below the  1,000 m,  with  the  corresponding boundaries  slightly  below the
observations. Furthermore, the model still captures the change in the temperature trend
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observed at higher levels. Finally, the temperature vertical profile at MUR under the
influence of the western synoptic advection is included in Fig. 6g.  Both the model and
the observations shows a clear stratification under 2,000 m. In addition, it is shown that
the  model  reproduces  remarkably  well  the  observations  on  27  August  at  00  UTC.
Besides, on 26 August at 12 UTC, RAMS44 follows perfectly the observed vertical
temperature,  while  RAMS60  slightly  underestimates  this  magnitude.  The  vertical
profile for the relative humidity represented under this atmospheric condition (Fig. 6h),
indicates an opposite trend as the one observed under mesoscale circulations (Fig. 6d).
Although in the last case, RAMS produces a significant underestimation of the observed
relative  humidity  at  night  time,  under  a  western  advection,  the  model  slightly
overestimates this magnitude in the lowest levels within this period of the day. When
modelling this atmospheric framework using RAMS, the RAMS60 simulation perfectly
matches the observations in the lowest vertical levels during the day, while RAMS44
slightly underestimates this magnitude.
3.3. Horizontal structure
In this section, not only the  simulated wind field is included, but also we are
interested  in  the  evolution  of  the  simulated near-surface  relative  humidity  and
temperature  evolution.  In  this  regard,  the  26  June  2011  have  been  selected  as
representative day for the study of the mesoscale circulations during the sea breeze
event. Nevertheless, similar results are found considering both the 25 and the 27 June
2011.
Fig. 8 displays the relative humidity and the wind field at 06 and 18 UTC for the
26 June and the 26 August. This figure presents some temporal and spatial variabilities
reflecting  several  significant  features  of  the  sea breeze  system.  The nocturnal  wind
pattern is dominated by a weak flow mainly blowing from the west to north-west (Fig.
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8a,b). This flow is identified as a land breeze circulation.  In the afternoon (Fig. 8c,d),
the sea breeze is completely developed, reaching areas located at inland distances larger
that 70-80 km beyond the coast. A difference is found in the sea breeze flow between
the north, the south and the centre of the Valencia Region. It is observed that in the
centre of this area,  an eastern flow is  established. In contrast,  north of the Valencia
Region, a more southern flow is maintained reaching nearby inland areas. Finally, south
of the Valencia Region and the neighbour Murcia Region, a south-east flow is settled.
This flow joint together with the eastern flow developed in the centre of the area of
study produces a convergence line moving from the coast to inland areas due to the
orographic configuration (Fig. 1).
The observational hourly evolution of the sea breeze (Fig. 4) indicates that the
08 UTC is fixed as the onset of the sea breeze. In general, the model captures this time
as  the  beginning  of  this  circulation  precisely,  as  described  in  the  previous  section.
However, in some stations, there seems to be a delay of about 1 hour. An inspection of
the simulated wind direction (not shown) makes evident that the wind begins to blow
onshore at  about 07 UTC in the north of the Valencia Region, while the sea breeze
develops over the whole coastline of the area of study at 08 UTC. One hour later, the
sea breeze is reaching pre-coastal areas near the coast. As the simulation progresses, as
shown  in  Fig.  8,  there  is  an  onshore  wind  advection  that  moves  towards  inland
locations.  In  this  sense,  at  18  UTC (Fig.  8c,d),  there  is  a  clear  sea  breeze  system
spreading  to  the  interior.  It  seems  that  this  time  distinguish  the  hour  when  this
mesoscale circulation reaches its maximum spatial development. Finally, at about 19-20
UTC, the sea breeze system starts weakening while the mountain circulations become
the dominant flow over this area in the nocturnal hours (Fig. 4).
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In terms of  the  near-surface  relative humidity,  higher  values  are  observed at
night when contrasting with the values recorded during the day. However,  as it was
shows in the previous section, the tendency of the model is to underestimate the records
of  this  magnitude.  Comparing  RAMS44  with  RAMS60,  once  again,  the  first  one
simulates  lower  values  than  the  last  one  for  the  whole  simulation  (Fig.  8).  Some
divergences are found among both version regarding the wind field, specially during the
day time. In this sense, it seems that RAMS44 moves the convergence line formed in
the centre-south of the Valencia Region to the north.
Considering the near-surface temperature (Fig. 9), although, as it was seen in
Section  3.2,  minimum temperatures  are  overestimated  by  the  model,  the  maximum
temperatures are well reproduced by RAMS60, while RAMS44 tends to over-predict
the observed values. It appears that under mesoscale circulations related to sea breeze
development, temperatures with values higher than 30 ºC are observed in the Valencia
Region (Gómez et al., 2014a; Gómez et al., 2014b), specially in the central pre-coastal
area and the south of the region. Even though the temperature distribution during the
day time is  similar  for  both versions  of  the  model,  once again,  RAMS44 produces
higher values than RAMS60 for the whole simulation.
In Fig. 8, the near-surface wind field and relative humidity is also represented
for the western synoptic event. On 26 August, where the western advection dominates,
some divergences are found at 06 UTC (Fig. 8e,f). Comparing RAMS44 and RAMS60,
the first one is able to reach coastal areas at this time, as it is also represented in the
relative humidity structure.  On the contrary,  both this  magnitude and the wind field
reflect unsteady calm winds over the coast while the western advection remains inland.
The relative humidity separates these atmospheric flows, with lower humidity in those
areas where the western advection dominates and higher values near the coast. At 18
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
UTC (Fig. 8g,h)., RAMS44 as well as RAMS60 reproduces a western advection that
reaches the coast in the centre of the Valencia Region. In the north, the sea breeze is still
able  to  develop,  as  it  was  indicated  in  the  previous  section  in  Fig.  4.  In  this  case,
mesoscale circulations are limited to areas close to the coast, while inland the western
flow governs the atmospheric situation. However, according to observations (Fig. 4b), it
appears that  the western to  north-western synoptic  advection was able  to drive into
coastal areas, further than reflected by the model. As a difference with other areas, a
south advection is well-established in southern areas. Consequently, a convergence line
is formed due to the connection between this southern flow and the western to north-
western advection at about 38.5º N. In terms of temperature, two areas of really high
temperatures are detected in Fig. 9g,h, where its distribution spreads affecting coastal
areas within the Valencia Region.
Finally, Fig. 10a,b shows the surface sensible heat flux distribution at 15 UTC,
when the sea breeze circulation is well established. The sensible heat flux pattern is
related to the wind field evolution (not shown). It is well known that the difference in
the first one is a critical factor in producing and modifying mesoscale circulations (Miao
et al., 2003). In this sense, areas with high values for the sensible heat flux match up
with  areas  where  the  sea  breeze  is  well  established.  Consequently,  the  sea  breeze,
mainly driven by sensible heat flux differences, seems to enhance the sensible heat flux
over land by advecting air masses from the adjacent sea, as onshore winds advect cool
and moist air near the surface (Miao et al., 2003). Comparing both versions of RAMS,
RAMS44 produces  higher  values  of  the  sensible  heat  flux  than  those  observed  for
RAMS60. In addition, it is observed that using RAMS44, high values for the sensible
heat flux, above 500 W/m2, are simulated at 15 UTC, while significant lower values are
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reproduced by RAMS60.  These  results  could  be  the  responsible  for  the  differences
observed in the simulated wind field and near-surface temperature.
The above mentioned differences between RAMS44 and RAMS60 for the 26
August are also well reflected in terms of the surface sensible heat flux. This magnitude
is  displayed in  Fig.  10c,d at  15 UTC. The change in  the surface sensible  heat  flux
distinguishes the contrasting weather regimes present over the Western Mediterranean
coast. On the one hand, those areas where the breeze is well-established shows values
above  400  W/m2  (Fig.  10a,b).  On  the  other  hand,  those  areas  where  the  western
advection governs the atmospheric framework show values around 300 W/m2 and lower
(Fig.  10c,d).  In  this  regard,  an  obvious  distinction  is  found  between  both  weather
regimes adopting the surface sensible heat flux. Furthermore, looking at the southern
area represented in Fig. 10c,d, we are able to recognize an area of high sensible heat
flux, above 400 W/m2. As it was indicated previously, a southern wind flow is organized
over  this  area,  advecting  warm  air  through  the  sea  towards  the  coast.  This  issue
represents a major divergence between the corresponding circulation in this area and
that  observed  in  the  centre  and  north  of  the  Valencia  Region.  In  this  last  case,
continental warm air is advected across the Iberian Peninsula to the eastern areas of
Spain. In contrast, south-eastern Spain seems to be dominated by an advection of warm
air through the Mediterranean Sea, as it is also observed in the differences in relative
humidity among both concrete areas (Fig. 8). Finally, comparing the surface sensible
heat flux simulated by RAMS44 and RAMS60, the results are rather alike. However,
more variability is produced adopting the RAMS44 version of the model. In addition,
RAMS44 shows higher values for this magnitude as well.
3.4. Vertical structure
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In order to reflect the evolution of the vertical circulation, we have selected a
latitude cross section to represent the relative humidity and the horizontal winds at a
latitude  of  39.45º  (Fig.  11),  corresponding  to  the  Valencia  Bay,  during  both  the
mesoscale  circulation  period  and  the  western  synoptic  advection.  At  06  UTC (Fig.
11a,b), there is a weak flow from the north-west flow moving offshore. In this period,
the  land  breeze  is  still  activated  for  both  RAMS44 and  RAMS60.  However,  some
divergences  arise.  For  instance,  at  longitude  -0.9º,  weaker  winds  are  simulated  by
RAMS44 in addition to a different development in the wind direction when compared to
RAMS60. At 18 UTC (Fig. 11c,d), the sea breeze continues and a divergence between
RAMS44 and RAMS60 in the magnitude of the simulated flow is settled onshore. In
this  sense,  RAMS44 appears to move inland and with an increased intensity.  In the
afternoon, it is clear the difference that evolves for the relative humidity field, specially
near the coast, as it was already indicated in Fig. 5.
Fig.  11  also  displays  the  relative  humidity  and horizontal  wind vectors  in  a
vertical cross section at 39.45ºN considering RAMS model D3 on 26 August at 06 and
18 UTC. At 06 UTC (Fig. 11e,f) the western wind flow strengthens at upper levels.
Below 900 m, the wind regime is characterized by a marked north-western component
reaching the coast. In addition, when comparing RAMS44 with RAMS60, it is exposed
to view the differences in relative humidity near the coast, specifically in the lowest 300
m. This issue turns into a notorious contrast in the wind speed within this layer affected
by high relative humidity and a weak circulation. At 18 UTC (Fig. 11g,h), the current
flow is disposed as a western synoptic advection reaching the coast. In this case, the sea
breeze is limited to the coastal barrier, where mesoscale circulations are confined to the
lowest  300  m.  Onshore,  the  wind  regime  is  characterized  by  an  explicit  western
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advection  covering  all  vertical  levels,  starting  from the  ground-based  level.  In  this
regard, alike conclusions are obtained contrasting RAMS44 and RAMS60.
4. Conclusions
The main aim of this paper has been to investigate the main features of a typical
mesoscale  circulation  system,  as  well  as  a  typical  western  synoptic  advection  over
eastern Spain during the summer.  Both sort  of meteorological  conditions  have been
analysed using an operational configuration of the RAMS model.
Combining measurements and model forecasts, we have been able to recognize
that  the main processes and the spatial  flow patterns  observed under  the mesoscale
circulation  regimes  are  captured  with  high  accuracy  both  by  RAMS44  as  well  as
RAMS60. Accordingly, RAMS simulates the wind field suitably, especially using the
RAMS60  version.  Likewise,  RAMS60  predicts  better  the  near-surface  minimum
temperature  as  well  as  the  near-surface  relative  humidity  observed  at  night  time.
Besides, it has been observed that RAMS60 tends to simulate higher values of near-
surface  relative  humidity  and  lower  values  of  near-surface  temperature  than  those
produced by RAMS44. In addition, RAMS is able to capture quite well the maximum
temperatures under sea breeze conditions. However, in some areas, there is a trend to
overestimate this magnitude using RAMS44.
Some discrepancies  are  found in  terms  of  the  night-time  near-surface  relative
humidity, which is translated into an overestimation in the minimum temperature. Under
sea breeze circulations, the model underestimates the relative humidity at night. The
differences found between the model and the observations are larger for RAMS44.  A
possible reason for this deviation may be related to the data used to initialize the RAMS
model.  Additionally,  this  constraint  may  also  be  probably  related  to  the  nocturnal
cooling of the ground which could not be satisfactorily simulated by the model. In this
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regard,  it  is  well  known that  landscape  and  terrain  heterogeneities  induce  spatially
varying surface turbulent fluxes,  resulting in heterogeneous boundary layers (Pielke,
2013). Therefore, further tests and analysis should be performed so as to isolate this
issue. 
The observed relative humidity vertical profile shows a mixing height at about
1,000  m  during  the  mesoscale  circulation.  Under  this  level,  there  is  a  clear
underestimation of the relative humidity simulated by the model, which seems to be
correlative with the results found near the ground. Additionally, although the observed
vertical profile for the temperature shows a stratified layer up to around 1,000 m, the
profile  solved  by  the  model  shows  stability,  specially  using  RAMS44.  However,
RAMS60 remains closer to the observations, producing stratification for those vertical
levels  near  the  surface.  In  general,  RAMS60  improves  the  results  obtained  with
RAMS44 below the ABL.
Regarding the western synoptic advection, although the model is able to capture
adequately the diurnal variation of those stations near the northern coast, it has more
difficulties in forecasting the inland wind pattern observed. Nevertheless, even in this
area, the model is still able to reproduce the recorded relative humidity and temperature
accurately.  Concerning  the  first  magnitude,  RAMS  captures  its  daily  evolution.  In
addition,  a slight overestimation is simulated by the model at night time. This is an
evident difference when compared to the results obtained under mesoscale circulations.
As  a  consequence,  the  minimum temperature  is  also  better  forecast  by  the  model.
Additionally, RAMS captures truly well the inland maximum temperatures. Comparing
this magnitude simulated by RAMS44 and RAMS60, the last one show lower values
than RAMS44, in general closer to the observations, but slightly underestimating the
observations on occasion. The opposite trend is observed for the relative humidity.
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
The temperature vertical profiles under the western synoptic advection shows a
high agreement between the model and the measurements both at night and day time,
using both versions of the model. Furthermore, the vertical relative humidity is truly
well simulated by RAMS60, specially at day time, although RAMS44 shows a slight
divergence from the observations.  Additionally,  at  night time, RAMS shows a weak
overestimation of the relative humidity in the lowest levels. Once again, we can see here
a  main  difference  in  the  RAMS-based  forecasts  between  western  advections  and
mesoscale circulations related to the relative humidity. Considering that issue, it seems
to be a direct connection between the RAMS model output and the separate simulation
of both episodes.
The conclusions identified in the present study for the mesoscale circulation event,
in  terms of  the wind speed and direction,  are  comparable to  those found in related
diagnostic  studies  performed  over  reduced  areas  in  eastern  Spain  and  using  older
versions of the RAMS model (see e.g., Millán et al., 2000; Miao et al., 2003; Pérez-
Landa et al., 2007).
Although some disagreement  has  been found using the  RAMS configuration
presented in this paper when predicting humidity due to the complexity of the modelled
system as well as the constraints expected in an operational forecasting environment, it
is very encouraging to notice as well that RAMS is able to reproduce reliably the main
mesoscale  flows  observed.  However,  in  light  of  the  results  found  in  the  relative
humidity, it seems that further investigation should be performed in the future with the
aim of improving the RAMS forecasts under mesoscale conditions. On the other hand, it
has been shown that the current implementation of the RAMS model over eastern Spain
has been truly useful in the forecast of the western synoptic advection event.
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Figure captions
Fig.  1. Configuration of the three nested domains and orography (m) of the RAMS
model on domain D1 in addition to the weather station sites and orography for the finer
domain (D3).
Fig. 2. Sea level pressure (hPa, solid line), geopotential height (gpm, shaded color) and
temperature in ºC (dashed line) at 500 hPa from FNL global model at 12 UTC on 25
June (a), 26 June (b), 25 August (c) and 26 August (d) 2011.
Fig. 3. Sea level pressure (hPa, solid line), wind (arrows; scale: 10 m/s) an orography on
domain D2 at 06 UTC: RAMS44 (a),  RAMS60 (b),  and at  12 UTC: RAMS44 (c),
RAMS60 (d) the 26 June 2011 and at 06 UTC: RAMS44 (e), RAMS60 (f), and at 12
UTC: RAMS44 (g), RAMS60 (h) the 26 August 2011.
Fig. 4. Measured (continuous line) and simulated (discontinuous line) near-surface wind
speed (m/s) and direction (deg), and 10-m wind speed (m/s) time series, for different
surface weather stations during the mesoscale circulation period: VIS (a), VIL (c), UTI
(e), and BEN (g), and under the synoptic western advection: VIS (b), VIL (d), UTI (f),
and BEN (h)
Fig. 5. Same as Fig. 4, but for the near-surface temperature (ºC) and relative humidity
(%), and 2-m temperature (ºC).
Fig. 6. Same as Fig. 4 (a) and same as Fig. 5 (b), but for the MUR METAR station over
the mesoscale circulation period, as well as over the western synoptic advection (e) and
(f). Measured (continuous line) and simulated (discontinuous line) vertical profiles on
26 June at at 00 UTC and 12 UTC: temperature (ºC; c), relative humidity (%; d), and on
26  August  at  12  UTC and  on  27  August  at  00  UTC:  temperature  (ºC;  g),  relative
humidity (%; h).
Fig. 7. Same as Fig. 4, but for the surface incident shortwave radiation flux (W/m2).
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Fig. 8. Simulated near-surface wind field (scale: 10 m/s) and relative humidity (%) on
domain D3 on 26 June 2011 at 06 UTC: RAMS44 (a), RAMS60 (b), on 26 June 2011 at
18 UTC: RAMS44 (c), RAMS60 (d),  on 26 August 2011 at 06 UTC: RAMS44 (e),
RAMS60 (f), and on 26 August 2011 at 18 UTC: RAMS44 (g), RAMS60 (h).
Fig. 9. Same as Fig. 8, but for the near-surface temperature (ºC).
Fig. 10. Simulated surface sensible heat flux (W/m2) over domain D3 on 26 June 2011
at 15 UTC: RAMS44 (a), RAMS60 (b), and on 26 August 2011 at 15 UTC: RAMS44
(c), RAMS60 (d).
Fig. 11. Vertical variation of simulated horizontal wind field (m/s) and relative humidity
(%) for a cross-section at latitude 39.45º N on 26 June 2011 at 06 UTC: RAMS44 (a),
RAMS60 (b), on 26 June 2011 at 18 UTC: RAMS44 (c), RAMS60 (d),  on 26 August
2011 at  06  UTC:  RAMS44 (e),  RAMS60 (f),  and  on 26 August  2011 at  18  UTC:
RAMS44 (g), RAMS60 (h).
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Tables
Table 1. Rams model settings for the three simulation grids: number of grid points in the
x, y and z directions (nx, ny and nz), horizontal grid spacing (dx) and timestep (t).
Grid nx ny nz dx (m) t (s)
1 83 58 24 48,000 60
2 146 94 24 12,000 30
3 78 126 24 3,000 10
Table 2.  Model skill  against  surface observations under the mesoscale  event for the
whole simulation and the representative stations. Index of agreement, Bias and RMSE
are  included  for  the  near-surface  temperature  (T;  ºC),  2-m  temperature  (T2m;  ºC),
relative humidity (RH; %), wind speed (WS; m/s), 10-m wind speed (WS10m; m/s) and
surface incident shortwave radiation flux (RAD; W/m2), in addition to the RMSE-VWD
(VWD; m/s).
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Site Statistic
variable
RAMS44 RAMS60
IoA Bias RMSE IoA Bias RMSE
VIS T 0.8 5 5 0.8 3 5
T2m 0.9 -4 5 0.9 4 4
RH 0.5 -30 40 0.5 -30 30
WS 0.8 1.4 1.7 0.8 1.5 1.7
WS10m 0.9 0.4 0.8 0.9 0.8 1.0
VWD - - 2 - - 2
RAD 1.0 21 60 1.0 30 70
VIL T 0.9 3 4 0.9 0.07 3
T2m 1.0 -0.19 3 0.9 1.8 3
RH 0.6 -30 40 0.7 -19 30
WS 0.8 1.1 2 0.9 0.5 1.5
WS10m 0.9 0.6 1.3 0.9 0.09 1.1
VWD - - 3 - - 2
RAD 1.0 11 70 1.0 16 70
UTI T 0.9 5 5 0.9 1.0 3
T2m 1.0 -0.2 3 0.9 2 3
RH 0.7 -20 24 0.8 -13 18
WS 0.8 1.6 2 0.8 0.9 1.4
WS10m 0.9 0.9 1.4 0.9 0.3 0.9
VWD - - 3 - - 2
RAD 1.0 17 70 1.0 30 80
BEN T 0.9 0.9 2 0.8 -1.8 3
T2m 0.8 4 5 0.9 -0.8 1.9
RH 0.6 -18 23 0.6 -9 18
WS 0.8 1.6 2 0.9 0.6 1.1
WS10m 0.8 1.0 1.5 1.0 0.02 0.6
VWD - - 3 - - 1.8
RAD 1.0 22 70 1.0 30 70
MUR T 0.6 3 4 0.8 0.4 3
T2m 0.5 7 8 0.6 3 5
RH 0.3 -40 40 0.3 -30 30
WS 0.6 0.9 3 0.7 0.08 2
WS10m 0.6 0.9 2 0.7 -0.16 1.9
796
Table  3.  Model  skill  against  surface  observations  for  the  26  August  2011  and  the
representative stations. Index of agreement, Bias and RMSE are included for the near-
surface temperature (T; ºC), 2-m temperature (T2m; ºC), relative humidity (RH; %),
wind speed (WS; m/s), 10-m wind speed (WS10m; m/s) and surface incident shortwave
radiation flux (RAD; W/m2), in addition to the RMSE-VWD (VWD; m/s).
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Site Statistic
variable
RAMS44 RAMS60
IoA Bias RMSE IoA Bias RMSE
VIS T 0.9 2 4 0.9 1.8 4
T2m 0.7 -7 8 0.9 3 3
RH 0.7 -12 20 0.7 -8 18
WS 0.5 0.07 2 0.5 0.7 3
WS10m 0.5 -0.9 2 0.5 -0.3 2
VWD - - 7 - - 7
RAD 1.0 50 100 1.0 50 100
VIL T 0.8 1.9 4 0.8 0.4 4
T2m 0.9 -2 4 0.9 1.6 4
RH 0.6 -12 19 0.9 -5 10
WS 0.9 -0.5 1.1 0.9 -0.5 1.2
WS10m 0.9 -0.9 1.2 0.9 -0.8 1.3
VWD - - 1.9 - - 1.5
RAD 1.0 14 80 1.0 17 80
UTI T 0.8 3 5 0.8 2 4
T2m 0.9 -2 5 0.9 3 4
RH 0.6 -10 19 0.7 -7 15
WS 1.0 0.6 1.0 0.9 0.05 1.1
WS10m 0.9 -0.2 0.9 0.9 -0.6 1.4
VWD - - 1.7 - - 2
RAD 1.0 40 100 1.0 40 100
BEN T 0.8 -2 3 0.6 -3 4
T2m 0.9 0.7 3 0.8 -1.9 3
RH 0.9 4 16 0.8 18 22
WS 0.7 0.7 1.8 0.8 0.05 1.2
WS10m 0.7 0.15 1.6 0.8 -0.6 1.4
VWD - - 5 - - 5
RAD 1.0 50 100 1.0 50 100
MUR T 1.0 -0.2 2 0.9 -1.4 3
T2m 1.0 0.9 1.7 1.0 -0.15 1.0
RH 0.7 -14 24 0.9 -5 16
WS 0.5 1.9 3 0.5 1.2 3
WS10m 0.6 1.0 2 0.5 0.6 2
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